and the partition ratio, which are commonly deterThe efficiency of suicide inhibitors is expressed in mined by the well-known dilution assay method (1-terms of the kinetic parameters K I and k inact and the 4). In this method the enzyme is incubated with the partition ratio, which are commonly determined by inhibitor under turnover conditions and the fraction of the well-known dilution assay method. Progress curve remaining enzyme activity is measured as a function analysis methods have been widely used in the deter-of time by diluting the concentrated enzyme-inhibitor mination of the kinetic parameters of active-site-di-mixture with a large volume of the standard assay solurected affinity labels and have also been applied to a tion containing the regular substrate. The desired inhifew suicide inhibitors where the turnover rate of the bition kinetic parameters are determined from the regular substrate could be measured independently of rates of the irreversible loss of the enzyme activity at the turnover rate for the inhibitor, when both the sub-various inhibitor concentrations using various manual strate and the inhibitor are present in the assay me-and computational data analysis procedures. Although dium. However, the progress curve analysis method this method is commonly used in many laboratories, it for suicide inhibitors has not been applied to the most is highly tedious and time and labor consuming and common case where the progress curve is a result of can be successfully applied only to relatively slow irrethe turnover of both substrate and inhibitor. In the versible enzyme inactivation processes. In addition, present study we have attempted to apply this method this procedure assumes that the concentration of inhibto a well-characterized suicide inhibitor of dopamine itor present in the final assay solution (after dilution b-monooxygenase (EC 1.14.17.1) where the progress of the inactivation mixture with the regular assay solucurve is a result of the turnover of both substrate and tion) is small and has no significant effect on the subinhibitor. These results demonstrate that the kinetic strate turnover and that the rate of substrate turnover constants determined by this method are highly reproducible and are also in excellent agreement with those is directly proportional to the remaining active enzyme previously determined by the dilution assay method. concentration. Although this assumption is reasonable Efficiency and reproducibility, as well as the adapt-and valid in most cases, it is highly dependent on the ability of commercially readily available curve-fitting dilution factor, the initial inhibitor concentration, the programs such as Sigma Plot for routine use, are major efficiency of the inhibitor, etc. The use of progress curve methods in enzyme kinetic analysis has advanced considerably in recent years due to the numerous advantages of these methods, including high efficiency, accuracy, reliability, and reproducSuicide inhibitors are powerful tools in the study of ibility, over the traditional methods (5-15). Progress kinetic and chemical mechanisms of enzymes. They of-curve methods have long been successfully used in the ten are also used as important therapeutic agents in determination of the kinetic parameters of active-sitethe in vivo modulation of the activity of target enzymes. directed affinity labels (16) (17) (18) (19) (20) . In addition, these Traditionally, the efficiency of these inhibitors is ex-methods have been applied to the kinetic analysis of pressed in terms of the kinetic parameters K I and k inact suicide inhibitors where the turnover rate of the regular substrate could be measured independent of the turnover rate of the inhibitor, when both the substrate 1 We gratefully acknowledge partial support of this research by National Institutes of Health (R29 GM 45026). and the inhibitor are present in the same assay me-175
dium (21) (22) (23) (24) . However, to our knowledge, the progress and are comparable to those defined by the dilution assay method of suicide inhibitors (see Appendix for curve kinetic analysis method for suicide inhibitors has not been applied to the most common case (most com-the definition of these parameters).
Inspection of the above equation shows that when mon enzyme assays are based on measurement of the rate of consumption or generation of a common cofactor both the regular substrate and the inhibitor are present in the reaction medium the substrate acts as a such as NADH, NADPH, or FADH 2 or common substrates such as O 2 and protons) where the progress competitive inhibitor for the inhibitor turnover and protects against the irreversible inactivation of the encurve is a result of the turnover of both the substrate and the inhibitor because the partition ratio is usually zyme, as expected. Clearly, in the absence of the substrate the equation is comparable to the well-known much greater than unity in most of these cases. In the present study we have attempted to apply the progress equation for suicide enzyme inactivation (1) . On the other hand, when the turnover rate of the inhibitor is curve method for a well-characterized suicide inhibitor of dopamine b-monooxygenase where the progress relatively slow in comparison to the rate of irreversible enzyme inactivation (i.e., partition ratio is close to 1), curve is a result of the turnover of both the substrate and the inhibitor. Our results clearly demonstrate that this equation represents the irreversible inactivation of the enzyme by an affinity label in the presence of the kinetic constants determined by this method are highly reproducible and are in excellent agreement the substrate. Therefore, regardless of the relative magnitudes of the kinetic constants of the substrate or with constants previously determined by the dilution assay method.
the inhibitor, the above equation represents a general kinetic equation for irreversible enzyme inactivation in the presence of the substrate. Hence, the desired ki-THEORY netic constants for both the inhibitor and the substrate The minimal kinetic scheme for suicide inactivation can be extracted by direct fitting of the rate data to the of an enzyme, E, by the suicide inhibitor, I, in the pres-above equation. ence of the regular substrate, S, can be written as
The accurate fitting of the data to the above rate equation is highly dependent on the accuracy of the time parameter. Although this parameter could be accurately determined by stopped-flow techniques, manual mixing may lead to deviations due to the problems associated with the mixing time. Therefore, under manual conditions, estimation of the accurate zero time
k q from the raw data is necessary to correct the time coordinates for any deviations. One of the reliable ways to where P and Q are enzyme turnover products of the determine the actual zero time is the extrapolation of regular substrate and the inhibitor, respectively. If the the raw data in the matured portion of the progress combined rates of substrate and inhibitor turnover are curve to the initial portion by fitting the data to the measured (for example, by monitoring the production normal exponential decay equation, A(1 0 e 0k obs (t/dt) ), or the consumption of a common cofactor or a common where dt is the deviation of zero time for a given set of substrate, i.e., in the case of dopamine b-monooxygendata. All the time coordinates can be corrected using ase by measuring the rate of consumption of oxygen or this correction factor (see Fig. 1 ). Although at first it the reductant), the rate of the reaction as a function of appears that this manipulation of the data would skew time can be described by the more general equation the results, the adjustment can be justified theoreti-(for the derivation see Appendix) cally and has previously been successfully used in the determination of the maximum velocities and Michae- 2 and N,N-dimethyl-p-phenylenediamine dihydrochloride (DMPD) were obtained from (28-30) . Therefore, the effective extinction coefficient for the DMPD-supported dopamine b-monooxygenase reaction was calculated to be 10.9 mM 01 cm 01 due to the fact that there are two DMPD cation radicals produced per single enzyme turnover and used in all data analyses.
Substrate kinetics. The standard assay solution was composed of 0.5 mM CuSO 4 , 10 mM disodium fumarate, 100 mg/ml catalase, and 50 mM dopamine bmonooxygenase. The enzymatic reactions were always initiated with DMPD (12.5 mM) and the enzyme-mediated oxidation of DMPD to its cation radical was monitored at 485 nm with respect to an identical control without the enzyme as previously described (28). Absorbance readings were recorded generally at every 10 s for a total period of 3 min (under these experimental conditions time vs absorbance plots were found to be linear when tyramine is the substrate, suggesting no significant depletion of the substrate). The apparent Sigma Plot without weighting the residuals.
Suicide inhibition kinetics.
The suicide irreversible enzyme inactivation experiments were carried out unAldrich. Tyramine hydrochloride was obtained from der conditions identical to those described above for the Sigma. Beef liver catalase (65,000 units/mg protein) regular substrate except that the desired concentration was obtained from Boehringer-Mannheim. Soluble bovine adrenal dopamine b-monooxygenase (EC of inhibitor (PEDA) was present in the enzyme incuba-1.14.17.1) was purified (sp act 16-20 units/mg based tion medium. The progress curves were recorded in the on subunit molecular weight 70,000 of dopamine b-presence of the desired concentrations of the inhibitor monooxygenase) from freshly prepared bovine adrenal in either the presence or the absence of the regular chromaffin granules (25-27) as previously described substrate, tyramine. The original concentration ranges (28). The concentration of purified enzyme was esti-of enzyme, substrate, and inhibitor were predicted by mated spectrophotometrically using e 280 Å 1.24 ml mg 01 preliminary screening experiments in order to maxcm 01 . All the spectrophotometric measurements were imize the reproducibility of results. In these expericarried out on a Hewlett-Packard 8452A diode array ments the substrate and/or inhibitor and enzyme con-UV-VIS spectrophotometer equipped with a tempera-centrations were adjusted such that the maximum ture-regulated cell compartment.
absorbance at 485 nm did not exceed 0.4 unit at the end of the experiment. In general, substrate concentrations General methods. All kinetic experiments were carwere varied from 0.25 to 3 times K m and enzyme was ried out in 0.125 M sodium acetate buffer, pH 5.2, at kept at a constant 50 mM concentration. These condi-37ЊC unless otherwise stated. The concentration of distions were found to be satisfactory for obtaining inhibisolved oxygen under atmospheric saturation conditions tion kinetic parameters and gave high enough abwas previously determined (28) to be 256 mM under the sorbance change in the presence of the inhibitor. The above experimental conditions. The extinction coeffiinhibitor concentrations were adjusted to obtain a cient of 5.45 mM 01 cm 01 for the DMPD cation radical clearly visible inhibition within the time period of the at pH 5.2 was calculated based on the extinction coeffiexperiment. Under our experimental conditions the cients of 7.3 mM 01 cm 01 for the unprotonated form and 5.2 mM 01 cm 01 for the protonated form and a pK a of 6.1 inhibitor concentrations that were found to meet and recorded (see Fig. 1 ). This procedure was sepa-at 37ЊC as detailed under Experimental. rately performed for all the traces and these corrected b Experiment numbers are consistent throughout the tables (for traces were used in the final data analysis procedures example, the data in experiment 1 in Table 1 were used in the calculation of the data in Experiment 1 in Table 2 ).
( Fig. 1) . However, the first 60-s portion of the progress c Reported errors are those reported by the Sigma Plot curve-fitting curve has not been included in the calculation of the routines upon fitting of the initial rate data to the hyperbolic form deviation of zero time or the final kinetic parameters of the Michaelis-Menten equation as described under Experimental. since this portion of the progress curve is significantly deviant from the expected curve ( Fig. 1) probably due to the incomplete mixing. The values for k cat and K m demonstrating that PEDA is a reasonably good subwhich were predetermined at the beginning of each strate for the enzyme. Therefore, when both tyramine experiment were supplied to the fitting routine and the and PEDA were present together in the reaction medata were fitted to the equation above to obtain the dium, the apparent turnover rate is a combination of apparent inhibition kinetic parameters K eff I , k eff q , and the rates of both substrate and inhibitor turnover. k eff inact for the inhibitor. To increase the efficiency and to Thus, the dopamine b-monooxygenase/tyramine/ automate the data analysis procedure the program SU-PEDA reaction was an ideal general model reaction ICPROG was written. Using this program it was necesfor testing the validity of the progress curve analysis sary only to create an ASCII file of data which employs procedure. keywords for control over the fitting routines and entry
To estimate the inactivation kinetic parameters by of substrate kinetic parameters, the extinction coeffidirect fitting of the progress curve data obtained in cient, and substrate, inhibitor, and enzyme concentrathe presence of the regular substrate, the substrate tions. The program automatically estimates zero time kinetic parameters under the same experimental deviations for each data set, performs the zero time conditions had to be determined independently (see adjustments, and fits all the data to the overall equaEq. [1] ). The substrate kinetic parameters for the dotion. Inactivation kinetic parameters obtained for pamine b-monooxygenase-catalyzed hydroxylation of Sigma Plot 4.0, Sigma Plot for Windows, and SUICthe regular substrate, tyramine, determined by di-PROG were found to be identical. rect fitting of the initial rate data to the hyperbolic form of the Michaelis -Menten equation are shown
RESULTS AND DISCUSSION
in Table 1 . These values are in agreement with prePrevious studies have shown that PEDA is a kinet-viously reported values (33) under similar experiically well-behaved suicide inhibitor for dopamine mental conditions and are highly reproducible with b-monooxygenase (33) . While PEDA inactivates do-standard deviations normally below 20% for both k cat pamine b-monooxygenase only under turnover condi-and K m parameters. To avoid the day-to-day variations, the inactivation was found to be irreversible, tions of the results, the substrate kinetic parameters stoichiometric, and protected by the regular sub-were determined just prior to each progress curve strate, tyramine, as expected. Furthermore, the par-experiment and used in the progress curve analysis tition ratio for the dopamine b-monooxygenase/ as described under Experimental. PEDA reaction which was determined by the dilution The data presented in Table 2 were obtained by diassay method was in the range of 1000 -2000 (33) , rect fitting of the time parameter-corrected data to Eq.
[1] as described under Experimental using predetermined K m and k cat parameters for the regular substrate, a Calculated from the kinetic parameters in Table 3 . a All inactivation kinetic experiments were carried out at pH 5.2 b Experiment numbers are consistent throughout the tables (for in sodium acetate buffer at 37ЊC as detailed under Experimental.
example, ratios in experiment 1 of Table 3 were calculated from the b Experiment numbers are consistent throughout the tables (for values of experiment 1 in Table 2 ). example, K m and k cat values of experiment 1 in Table 1 were used in the calculation of inactivation kinetic parameters of experiment 1 in Table 2 ).
c Errors are those reported by the Sigma Plot or SUICPROG curveexcellent agreement with the previous dilution assay fitting routines upon fitting the data to Eq. [1] as described under results.
Experimental.
To examine the reliability and accuracy of the progress curve analysis procedure a set of time parametercorrected experimental progress curves was directly K eff I suggests that they are very reproducible, consiscompared to simulated progress curves generated with tent, and comparable to those determined previously the kinetic parameters that were determined from fit-(33) by initial turnover rates and dilution assay techting of data to Eq. [1] . As shown in Fig. 2 , the experiniques using Kitz-Wilson plots (note that the apparent difference of about a factor of 2 for k q may mainly be due to the differences in experimental conditions and the specific activity of the enzyme preparations used in the two studies; the small difference in k inact may again be due to the difference in experimental conditions). The standard errors obtained from the curvefitting programs 4 for all of these parameters are in the acceptable range and similar to those for the substrate kinetic parameters obtained from the direct fit of the initial rate data to the Michaelis-Menten equation. Note that the previous kinetic parameters were determined using the oxygen monitor assay employing ascorbate as the reductant and that the current values were determined using the spectrophotometric assay employing DMPD as the reductant. However, our previous work has shown that the substrate kinetic parameters determined by the oxygen monitor assay are similar to those determined by the DMPD-based spectroscopic assay and therefore no significant deviation of the present results from previous results was expected.
FIG. 2.
Comparison of the experimental data with simulated prog- Table 3 contains some important inactivation kinetic ress curves. Time parameter-corrected experimental progress curves parameters determined using the data in Table 2. of a typical experiment (experiment 2 in Tables 1, 2, and 3) were These results, especially the partition ratio, are also in compared with simulated progress curves using the kinetic parameters that were determined from fitting of data to Eq. [1] . (᭺) Timeadjusted experimental absorbances; (---) simulated progress curves 4 It should be noted that although the errors reported by leastsquares curve-fitting routines are commonly used and reported, since using k cat Å 35. 
